The rutile TiO 2 films with columnar nanostructure were prepared by combining the glancing angle deposition (GLAD) technique in magnetron sputtering system with the subsequent two-step annealing treatment. Experimental results showed that all the TiO 2 films kept discrete columnar structures as the Ti films deposited by GLAD and accomplished the phase transition from Ti to rutile TiO 2 . Such TiO 2 films performed photocatalytic activity effectively and reusably towards methyl orange under UV light irradiation, which demonstrates the potential applications in wastewater treatment.
Introduction
The environmental pollution resulting from industrial development is expanding worldwide. In response to the continuous increasing effluent discharge from factories, especially in the developing counties, to develop effective wastewater treatment methods is necessary. Titanium dioxide (TiO 2 ) is not only a photocatalyst capable of oxidizing various pollutants, but also non-toxic, chemically stable, inexpensive, and commercially available. [1] [2] [3] [4] It's common to use TiO 2 suspension of nanoparticles in the photocatalytic decolorization systems now. [5] [6] [7] But costly separation procedures are required to recover the TiO 2 powders from the treated effluent prior to discharge in commercial applications.
1) By adopting TiO 2 columnar structure film instead of conventional suspended TiO 2 particles, the photocatalytic water treatment method will become more cost-effective as the costly filtration process can be omitted.
There have been numerous reports describing the fabrication of TiO 2 thin films using physical vapor deposition (PVD) techniques such as electron beam evaporation (EBE), 8) magnetron sputtering, 2) pulsed laser deposition 9) and so on. Recently, there are papers specifically focused on glancing angle deposition (GLAD) of TiO 2 with enhanced specific surface area for application in photocatalysis. 10, 11) GLAD is a technique based on thin film deposition, usually provided by either EBE or sputtering, and used for fabricating designed nanometer-scale microstructures such as well-defined columnar structure, helical structure and zigzag structure. [12] [13] [14] This technique employs oblique angle incident flux and substrate rotation to control the microstructure by the atomic shadowing effect. The fundamentals and detailed processes of glancing angle deposition can be found in the literature. 13, 15, 16) The nanotechnologies, particularly GLAD technology in PVD, offer promising wastewater treatment alternatives. The aim of the present study was to investigate the GLAD technology to obtain TiO 2 columnar nanostructure films, which would probably, has better uniformity and immobilization than sol-gel TiO 2 thin films.
Experimental
Instead of depositing GLAD TiO 2 films directly by EBE (electron beam evaporation) as numerous researches have been reported, 2, 8, 17) in this study, Ti columnar structures were obtained by GLAD in magnetron sputtering system and subsequently annealed under appropriate conditions to achieve the TiO 2 columnar structures. Dye decolorization tests of methyl orange using UV light irradiation were conducted to characterize the photocatalyst activity of those TiO 2 columnar nanostructure films. The detailed experimental methodology, results, and discussions are presented in this paper. Figure 1 shows the schematic diagram of GLAD in the magnetron sputtering system. The deposition angle between the substrate normal and the incident flux was controlled by rotating both the substrate ( 1 ) and the target ( 2 ) independently. Ti columnar nanostructure films were deposited on light-transmitting quartz substrates (15 mm Â 15 mm Â 0:55 mm) at a deposition angle of 83
) by dc magnetron sputtering in pure Argon without heating the substrate. The sputtering pressure was set as 0.11 Pa and the base pressure before puttering was 1:5 Â 10 À4 Pa. The distance between the Ti target and the Si substrate centers was about 11 cm. A titanium disk (99.99% purity) of 60 mm in diameter was used as the target. Argon gas flow was 20 sccm at start and kept 10 sccm during the whole deposition process. The deposition power was around 200 W. The Ti films prepared by GLAD were subsequently annealed in a tube furnace to complete fabrication of the TiO 2 films. In order to not only maintain the original columnar nanostructures but also completely convert Ti to TiO 2 , experiments with different combinations of annealing temperature (300 C, 400 C, 450 C, 500 C, 550 C, 600 C and 700 C) and holding time (1 h, 2 h, 4 h and 6 h) were conducted. We found that at above 400 C, the columnar structure began to thaw and the discreteness was destroyed. On the other side, for the purpose of complete oxidation we had to hold annealing for more than 2 h at a temperature of higher than 550 C. It seems to be a contradiction, thus a twostep annealing treatment came into consideration. Ti film deposited was firstly annealed at 400 C for 4 h to be oxidized partly, and then completely transformed into TiO 2 by being annealed at 550 C for 1 h. Through such a two-step treatment, Ti film completely converts to TiO 2 film while keeping its columnar nanostructures without being destroyed too much. XRD diffraction patterns were used to identify the crystal structures of samples. Surface morphologies and cross sections of the columnar structures were observed by a scanning electron microscope (SEM). Transmittance spectra were measured using a UV-visible spectrophotometer.
To evaluate the photocatalytic activity of TiO 2 samples, experiments were conducted as follows. Firstly, the sample of TiO 2 columnar structure film on quartz substrate was immersed in 6-mL diluted methyl orange solution (about 6 micromoles per liter). Then this setup was put under UV irradiation for 2 h. Finally the transmittance spectra of the methyl orange solution were measured. The tests were repeated for methyl orange solution with quartz substrate under UV irradiation, with no sample under UV irradiation and with TiO 2 sample without UV irradiation as control experiments.
Results and Discussion
After a two-step annealing treatment, we characterized the transformation of the crystal structure and surface morphology. Figure 2 presents the XRD diffraction patterns of TiO 2 sample after annealing, Ti sample and blank quartz substrate. XRD diffraction pattern of Ti sample shows hexagonal peaks at 40. 4 and 50.1 with reference to the 44-1294 PDF card. After annealing at 400 C for 4 h and 550 C for 1 h, XRD analysis, according to the 21-1276 PDF Card, suggests that the phase was transformed to rutile TiO 2 without residual Ti. The XRD results indicated that hexagonal Ti completely turned into rutile TiO 2 after the two-step annealing treatment. Rutile is stable phase of TiO 2 at high temperature as is known, so we wondered whether there is anatase phase in TiO 2 after the two-step annealing treatment. Raman shift spectra showed peaks corresponding to the known maxima of the anatase at about 398 cm À1 , which proved that there was a small amount of anatase, 18) as shown by the inset of Fig. 3 . In general, the photocatalytic activity of rutile TiO 2 is inferior to that of anatase, 10, 19) so further study may focus on this point in the near future. As SEM images of surface morphologies and cross sections shown in Fig. 4 , the morphologies of both Ti and TiO 2 samples consist of discrete columns like most GLAD films, 8, 10, 20) which means the TiO 2 films kept very porous structure though the column diameter increased because of atomic diffusion and surface migration when annealing. The majority of columns are cylindrical in shape and with a uniform distribution.
Ti film was partly oxidized in the first annealing step (at 400 C for 4 h), and got a higher melting point compared to the film without being oxidized, thus resulting in lower diffusivity which do a favor to keep the discrete columnar structure. During the second annealing step (at 550 C for 1 h), the columnar structure accomplished the phase transformation from Ti to TiO 2 while keeping its discreteness as shown in Fig. 4 .
The concentration change of aqueous methyl orange is obtained from transmittance spectra measured by a UV-vis spectrophotometer. As shown in Fig. 5(a) , the transmittance spectra of methyl orange were obtained. The transmittance at 460 nm of the curves was used to calculate absorbency (A ¼ À lg T) which is in proportion to concentration in dilute solution (shown by the inset of Fig. 5(a) ) according to BeerLambert law. Transmittance spectra of (I) origin methyl orange; (II) methyl orange without TiO 2 sample after 2 h UV irradiation and (III) methyl orange with TiO 2 nanoarray film after 2 h UV irradiation were shown in Fig. 5(b) . The transmittances at 460 nm of curves (I), (II) and (III) were 64.2%, 67.6% and 75.1% respectively. Accordingly, the calculation results of the absorbency were 44.3%, 39.2% and 28.6%. And the degradation rates of methyl orange with and without TiO 2 were 35.4% and 11.6%. The result showed that the TiO 2 columnar structure film performed as photocatalyst making for effective photocatalytic decolorization of methyl orange.
To make clear whether the absorption of nanostructure played a role in the decolorization process, the methyl orange with the TiO 2 sample was kept in the dark for 2 h without UV irradiation. It was found that the change of transmittance was negligible. Therefore, we got rid of the influence of nanostructure's absorption on the decolorization of methyl orange. TiO 2 columnar nanostructure films perform photocatalytic decolorization effectively under UV irradiation. Moreover, the photocatalytic property of TiO 2 sample obtained by annealing GLAD Ti film was reusable. We repeated the photocatalytic decolorization with the same TiO 2 sample in another 6-mL methyl orange solution immediately the first round finished. The 460 nm-peak values of solutions before and after 2 h UV irradiation were 64.2% and 75.1% respectively. And the degradation rates stayed the same as in the first round experiment. These results provided evidence for the sample's reusability due to the good immobilization of TiO 2 nanostructure films so that TiO 2 won't form clusters as in suspension. 1, 9, 10) What's more, costly separation procedures required to recover the TiO 2 powders in suspension can be omitted.
Conclusions
We can controllably fabricate nanometre-scale columnar structure TiO 2 film by method of annealing the GLAD Ti film. Experimental results showed that TiO 2 samples had discrete columnar nanostructure and performed photocatalytic decolorization effectively under UV radiation. Superior to TiO 2 suspension, TiO 2 columnar structure film was reusable because of its immobilization.
